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Cell Projection of Convex Polyhedra
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Abstract

Finite elementmethodscommonlyuseunstructued grids as the computationaldomain.As a matterof fact, the
volumevisualizationof theseunstructued grids is a time consumingask.Here, the fastestknownobjectorder
algorithmis theprojectedtetraheda algorithmof Shirley and Tuchman.Evenwith theupcomingof programmable
graphicshardware, therenderingperformancedlid notkeepup with thegrowingcompleity of thesimulationdata.
In this paperwe strive to improve the performanceof the cell projectiontechniqueby posingseveral restrictions
on the optical model.Thisallows usto devisea simplebut fasthardware-acceleated algorithmwhich is ableto
projectarbitrary polyhedal cells,thatis tetraheda, prisms,hexahedas, etc.For thisreasonpour algorithmis well
suitedfor thedisplayof unstructued FEM meshesvith mixedcell types,but it is alsoapplicableto thereal-time

displayof gaseouphenonemasud as r e and groundfog.

CR Categories:|.3.5 [ComputerGraphics]:Computational
GeometryandObjectModeling,l.3.7 [ComputerGraphics]:
Three-DimensionaBraphicsandRealism.

Keywords: Direct volume rendering, unstructuredgrids,
cell projection.

1. Intr oduction

In the areaof volume visualizationthe availability of pro-

grammablegraphicshardware haslead to both improved
performanceand renderingquality. In the caseof regular
datathepre-intgrationtechniqué is thepredominantecent
improvement.While the pre-intggrationtechniquehasbeen
appliedto unstructuredetrahedrabrids even beforé2, the
performanceof unstructuredszolume renderingmethodsis

still poorcomparedo theregularcase.n this paperwe try

to narrav the performanceapby posingseveralrestrictions
on the optical model. This allows usto devise an algorithm
which ef ciently utilizesthe graphicshardwareto speedup

unstructuredsolumerendering.

Typically, unstructuredyrids are generatedy nite ele-
mentmethods.In orderto visualizethe data,all cells rst
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have to be sortedin a backto front fashiori8 1. After that,
eachcell is decomposednto tetrahedravhich can be dis-
playedef ciently usingthewell known Projectedretrahedra
(PT) algorithmof Shirley and Tuchman# 15, Actual imple-
mentationof this algorithmachieve a peakperformanceof
250,000° to 600,008 tetrahedrgersecondncludingtimes
for sorting.Dueto the growing compleity of thesimulation
dataframeratesof lessthanoneframe per secondare still
quitecommonfor typical unstructurediatasets.

Recently hardware-acceleratethethodshave beenpro-
posedto speedup the PT algorithm, but with actualgraph-
ics hardwarestill no morethanapproximately480,0006 to
490,000° tetrahedraare possible(timings do not include
sorting).Therealsoexist hardwareconceptso overcomehe
speedimitations,butit is uncertairvhentheseconceptswill

nd its way into graphicsaccelerators Sincerecentefforts
to signi cantly speedup the PT algorithm have not led to
satishctoryresults we pursuea differentstratey in this pa-
per: First we evaluatethe theoreticalimit on the numberof
polyhedrathatcanberenderedn actualgraphicshardware.
Basedontheseresultswe proposeareasonablenodi cation
of theopticalmodelto approactthetheoreticalimit.

2. Theoretical Performance

In principal, all the facesof an unstructureddatasethave
to be treatedto reconstructhe ray integral exactly. For the
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caseof hexahedralcells, this resultsin 6 faceswith 4 ver-
tices each.Assumingthat the volumetric grid can be ren-
deredwith triangle stripping, 8 verticeshave to be passed
down thegraphicsipelineperhexahedronActual graphics
acceleratoriketheNVIDIA GeForce3reachapeakperfor
manceof about12 million verticespersecondisingtriangle
strips(in practicalexperience)Thus,the maximumtheoret-
ical performanceof the NVIDIA GeForce3is 1.5 million
hexahedrgpersecond.

In orderto verify the theoreticalresult,we rst applied
maximum intensity projection (MIP)5. The adwantage of
MIP is thata volumetricgrid canbe visualizedjust by ren-
deringall thefacesof thecellsin anunsortedbrder Without
greatloss of accurayg the scalarvaluescanbe assumedo
vary linearly inside eachhexahedron.Then the maximum
projectedscalarvalueof eachray segmentis eitherthevalue
on the front or on the back face.Using this approachwe
achiveda performancef 643,000hexahedraor 5.1 million
trianglesper second Assumingthat a hexahedronneedsto
bedecomposeihto atleast5 tetrahedrdo berenderedvith
the PT algorithmthe experimentalresult of 643,000hexa-
hedraper secondcorrespondso 3.2 million tetrahedrgper
secondThisis still faraway from thetheoreticaimaximum,
but it is almosta magnitudefasterthanthe bestknovn PT
implementation.

Theperformancdor suchasimpleopticalmodellike MIP
is alreadyconsiderablyower thanthe theoreticalimit. This
is mainly dueto thelargerasterizatioroverheadHence,t is
no surprisethatthe performancés evenworsein the caseof
the standardvolumedensityoptical model’. This is dueto
therequiremenbf visibility sorting.Conceptuallythetetra-
hedramustberead,written, andreadbackfrom mainmem-
ory for sorting(comparenittenbrinket. alt9). With increas-
ing renderingspeedof the graphicsacceleratothe memory
bandwidthconsumedby visibility sortingbecomeshelimit-
ing factor This behaiour startsatapproximatelyl.5Smillion
tetrahedraersecondn actualPChardware.Sincethetotal
performancaes currentlyonly around600,00Qtetrahedraper
secondhemainlimiting factoris still thegraphicsaccelera-
tor (andthe CPU).We suspecthatasigni cant performance
bump beyondthe mentionedl.5 million tetrahedrger sec-
ondlimit is possibleonly with a structuralparadigmshift of
graphicsacceleratorsr specialpurposehardvare.

3. ProjectedPolyhedra Algorithm

Becauseof the limiting behaiour of visibility sorting, we
devise anef cient algorithmfor anemissve opticalmodep
which doesnot requiresorting. In our opinion this optical
modelcanbeconsideredo beagoodtradeof betweerspeed
andquality. The emissve opticalmodelneglectsabsorption
so thatthe ray integral is simply the sum of all emissions
alongeachray. As a welcomeside effect sortingis not re-
quired,sincethe blendfunctionis commutatve. In compar
isonto the standardptical modelthe emissve modelgives

lessvisual cluesbut aswe will seethe implementationis
extremelysimplesothatit cansene asa fastpreview and
prototypingoption.

Recently MectP proposeda methodto renderbounded
layeredfog usingan emissve optical model. The bounded
fog is de ned within a triangular surface meshwhich al-
lows for easyhardware-acceleratedomputationof the ray
integral. The lengthof eachray segmentis calculatedn the
framebuffer by codingthe distancefrom the nearclipping
planeinto the vertex color. Thenthe length of the ray seg-
mentscan be computedby renderingthe backfacesof the
fog boundaryandby subtractingthe front faces While this
approachis simpleyet very fast,it assumes constantfog
densityandrequiresa 12 bit visualto eliminateMachbands.
In thefollowing we extendthis algorithmto projectarbitrary
cell types,suchastetrahedrahexahedrapr prisms,without
therestrictionto a 12 bit frame buffer andwith linearly in-
terpolateddensitieswithin eachcell.

Our so called ProjectedCorvex Polyhedra(PCP)algo-
rithm requiresthreepasse9er cell. In the rst two passes
thenormalizedengthof theray segmentds calculatedn the
alphachannelof the framebuffer. For this purposethe dis-
tanced to the nearplaneis computedor eachvertex of the
cell. Let dmax denotethe maximumdistancepercell, let dmin
denotethe minimumdistanceandlet Dd = dpnax  dmin be
the differenceof both (seealso Figure 1). Then the back
facesof a cell are renderedinto the alphachannelof the
frame buffer with the alphacomponentof eachvertex set
toa= (d dmin)=Dd. In thesamefashionthefront facesof
thecell arerenderednto the alphachannelwith subtractve
blendingenabled As a result, the normalizedray segment
lengthsarenow availablein the alphachannelof the frame
buffer.

near plane

Figure 1: Projectionof polyhedal cells.

In the last pass all faces of the cell are rendered
into the color channelof the frame buffer. Let k(S) de-
note the transfer function of the emissve optical model

depending on the scalar value S. Then the color |
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of each vertex is setto | = k(§Dd=2 using the fol-
lowing blend function in OpenGL notation: gIBlend-
Func(GL_DST_ALPHA,GL_ONE). This effectively mul-
tipliestheaverageemissioralongeachray segmentwith the
segmentlengthalreadystoredin the alphachannel.

In contrastto Mech's methodwe do not requirea 12 bit
visual,sincewe usenormalized-ay sgmentiengthsfor each
cell. Anothersolutionto suppresshe Machbandswould be
to usethe oating point rendertarget of actualPC graphics
acceleratorsuchasthe ATI Radeon9700. However, since
the algorithm is mainly rasterizationbound the increased
bandwidthfor the oating pointrendertargetwould signi -
cantlyslow down renderingAlso Mech's algorithmis notas
e xible asours.Usingour method almostary desiredvolu-
metric objector (emissve) effect can be constructedrom
tetrahedraprisms, and hexahedrain a very compactway
(comparerigure?2).

Figure 2: Synthetiaddatasets:A seach light with quadmtic
intensity attenuation(top row), a laser cone (bottom/eft),
and a camp re geneated with 3D Perlin noise (bottom
right).

4, Results

In principle, all typesof cells usedfor FEM suchastetra-
hedra hexahedraprisms,pyramidsetc.arecompatiblewith
our approachFor the commoncaseof projectedhexahedra
Schussmaret al.13 reportabout80,000hexahedraper sec-
ond.Weachie/e about212,00thexahedrgpersecondwhich
isaperformancéncreasef 265%.Comparedo the643,000
hexahedraper secondof the MIP method,the performance
differenceis mainly dueto theincreasedchumberof render
ing passeg¢3 insteadof 1).

In Figure3 and2 exampledatasetsare shavn thathave
beenvisualizedwith the PCPalgorithm.The corresponding
timingsaregivenin Table4. To speediup projectionhexahe-
drawith zeroemissionwerediscarded.
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Figure 3: Blunt Fin and Budy Ball dataset.

Dataset dimension #hexahedra framespersec.
BluntFin 32 32 40 37,479 8.5
Bucky Ball 32 32 32 29,791 15.9
SearchLight 16 4 32 1,395 115.8
CampFire 16 16 16 3375 51.3

Figure 4: Timingsfor hexahedel projection.

5. Application Example: Ground Fog

Besidesthe application areaof scienti ¢ volume visual-
ization as demonstratedn Figure 3 the performanceand
exibility of the proposedcell projectionalgorithm paves
the way for other elds of application.As an example,we
demonstratehe real-time display of natural gaseougphe-
nomenaln principle,all effectsrelatedto light-emittinggas
canbe modeled.In particular the display of groundfog in
terrainrenderingscenarioene ts from our algorithm, as
shavn in thefollowing.

In aterrainrenderingscenaridhelandscapés commonly
givenasaheight eld. Here thebasicideato displayground
fog is to usea secondheight eld (the groundfog map)
which de nesthe heightof the fog layer abore the ground.
Eachtriangleof thesurfacemeshis treatedasabasetriangle
ontowhich avertically alignedprismis stacled. The height
of theprisms thatis theheightsof thethreeverticaledgef
eachprism, arederived from the groundfog map (seeFig-
ure5).

At the top left of Figure 6 an example height eld of
Yukon Territory, Canadais depicted Theshavn groundfog
hasbeengeneratedvith 2D Perlin noise€®. In orderto re-
ducethe numberof displayedtrianglesandstacled prisms,
we useda continuoudevel of detail (C-LOD) approach 2.
The appliedterrainrenderingalgorithni! alsoimplements
geomorphingso that the popping effect is suppresseaf-

ciently. This allows the viewerto y throughthe ground
fog without experiencingary temporalaliasingartifacts.We
achieved an averageframe rate of approximately25 Hertz
for awindow sizeof 512 384. Insidethe fog, we have to
take careof prismsthat intersectthe nearclipping plane.
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stacked prism

triangulated surface

edge height
is derived from
ground fog map

Figure5: Staking prismsontoa triangulatedsurface

In sucha casethe ray segmentlengthsare partially invalid,
sincethe correspondinghack facesare not renderedcom-
pletely To circumwentthis problem wealsorendertheinter-
sectionof eachprismwith the nearclipping planewith a =
(dnear dmin)=Dd aftertheseconcassThesamestratayy is
necessargfterthethird passTheintersectiorof eachprism
with the nearclipping planeis renderedwith correctlyinter-
polatedcolorsto avoid the partialdisplayof clippedtetrahe-
dra.

The groundfog in the valley as shavn at the top right
of Figure6 is displayedwith maximumintensityprojection.
The correspondincheight eld hasbeenpaintedby hand
with a standardmage manipulationapplication.Sincethe
MIP methodrequiresonly one passin comparisonto the
three passeof the PCPalgorithm the rasterizationbottle-
neckis reducedsigni cantly. This leadsto morethantwice
theframerate(> 50 Hz) asin the previousexample.

Despitethe seeminglyunsuitableoptical modelwe have
foundareasonablsetupfor the MIP method:Thefog's op-
tical densityis setto zeroat the bottomof the prisms.At the
top of the prismsthe densitycorrelatego the heightof the
fog layer Although this settingdoesnot reproducethe fog
physicallyit is well suitedfor thereal-timedisplayof foggy
areasn interactie entertainmentvherefog canbe usedas
agameplay relevantelement.

Anotherapplicationareaof thedescribedyroundfog ren-
dering methodis the display of the Aurea Borealis,since
polarlight is a purely emissve naturalphenomenone set
up a height eld that correspondgo the penetrationdepth
of the particlesinto the earthsionosphereTheresultof this
procedurecanbe seenat the bottomof Figure6.

6. Conclusion

We have presentedwo fastyet simplecell projectionalgo-
rithms,namelythe MIP andthe PCPmethod thataresuited
for maximum intensity projection or an emissve optical
model,respectiely. The algorithmsare capableof project-
ing arbitrarypolyhedralcells. Thereforethey canbeapplied

Figure 6: Groundfog geneatedwith 2D Perlin noise Top
left: Emissiveoptical model.Top right: Maximumintensity
Projection(MIP). Bottom AureaBorealis (polar light).

to visualizemixed type mesheghat are generatecdy FEM
simulations.Dueto their e xibility, they arealsosuitedfor
thedisplayof volumetriceffectsin interactve entertainment.
We have demonstratethis by renderingre andgroundfog
in real-time.
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